Distribution centers are one of the most important components in a supply chain. In the context of a new global economy in which filling orders within a 24-hour period is the industry standard, product locating, replenishing and picking activities must be managed efficiently. This article proposes and analyzes different product location and replenishment strategies for a distribution center that uses a pick-to-belt system for order fulfillment. Based on real data, the study shows that selecting the right location and replenishment methods can significantly reduce the number of stockouts in the picking area (up to 77%), thus improving the distribution center's productivity.
Introduction
The new global economy has increased the pressure on distributors to rapidly supply products to customers. In such a competitive market, filling customer orders within a 24-hour period is becoming the new standard in many industries, including the pharmaceutical, food & beverage, office supply, and furniture industries. Meanwhile, the number of different stock keeping units (SKU) that must be delivered is exploding, which means that low volumes of more and more numerous SKUs have to be delivered more frequently and more quickly (van den Berg & Zijm, 1999) .
Needless to say, distribution centers (DC) have no choice but to improve their order fulfillment operations through better storage, picking and routing strategies (Petersen and Aase, 2005) .
When a large number of SKUs need to be picked in small quantities (case picking), DCs often divide the storage area into two parts: the reserve area, where products are stored on pallets, and the forward area (or fast pick area), where products are stored in cases for easy retrieval by order pickers (Rouwenhorst et al. 2000) . Given this context, the job of DC managers is to decide where to locate the different SKUs, how to collect them, and how much space should be allocated to each one in the fast pick area in order to optimize customer order fulfillment. In addition, these managers have to determine replenishment strategies that will guarantee product availability in the fast pick area. Making the right decisions is challenging, both due to the level of complexity and the impact that these decisions can have on the DC performance in terms of throughput and operational costs. This paper studies the case of a real high-throughput distribution center that handles more than 12 million cases annually. The company considered in this paper is the largest snack food supplier in the United States. This company adopted a "2% improvement" program, calling for each department to increase its productivity by 2% annually. The warehousing department's budget for the coming year is calculated by linking the current budget to the warehouse's productivity, measured as the annual warehouse outflow in kilograms. If productivity doesn't increase, the annual budget is reduced by 2%. If productivity does increase, the budget for the coming year is also increased by the difference between the productivity reached and the 2% goal; for example, a 3% increase in productivity would result in a 1% budget increase.
However, as the years go by, it becomes harder and harder to find improvement opportunities. For this reason, the company is now looking at its order picking system to see if there is room for improvement.
The company's fast pick area is organized around a conveyor belt. Customer orders are assembled one by one by an order picker, who walks along the aisle, gathering the required quantities of each SKU from the various locations and putting them on the conveyor belt. Since there are 1 012 storage locations, or slots, around the belt and only 253 active SKUs, managers must decide how many slots to allocate to each SKU. Obviously, as customer orders are filled by the picker, the inventory level of each SKU in the fast pick area decreases; these levels are replenished by a replenishment technician (RT) who refills the slots from the pallets stored in the reserve area. Clearly, product availability in the fast pick area is directly related to an appropriate RT work schedule. If a product in the fast pick area is missing, the conveyor belt must stop while the picker calls for an emergency replenishment. While waiting for a replenished supply, the order picker is unproductive. This local unproductivity has a global impact: while the picker waits, no products are sent to the trucks, which must wait longer to be loaded, which in turn increases the freight terminal costs. Delaying the truck departure may even trigger substantial financial penalties if the driver can't respect the delivery time windows imposed by certain large retail customers.
Given this context, we chose to focus on two questions: how much space should be allocated to each SKU in the fast pick area and which replenishment strategy should the RT use in order to improve the productivity of the order picking activity. To answer these questions, we developed space allocation and stock replenishment methods and tested them using a simulation model of the conveyor. Using real data, we examined the effect that these allocation and replenishment decisions had on the distribution center's productivity and discovered that synchronizing these decisions correctly can greatly improve the distribution center's performance.
The remainder of this paper is organized as follows. Section 2 reviews some of the most important research works related to the problem addressed in this paper. Section 3 describes how the studied order picking system works. Section 4 presents the space allocation and stock replenishment methods that were evaluated using the simulation approach described in Section 5. Detailed computational results are given in Section 6, and our conclusions are offered in the last section.
Literature review
As shown in the recent review by de Koster et al. (2007) , warehouse design and control is a growing field of research. (See the reviews by Rouwenhorst et al. (2000) , Cormier and Gunn (1992) , van den Berg (1999) and van den Berg and Zijm (1999) for more information.) From an operational point of view, decisions about storage, order picking and routing have an impact on order fulfillment (Petersen and Aase, 2004 ).
Storage strategies mainly concern how SKUs are assigned to the available slots.
Classic storage strategies include dedicated storage, in which products are allocated to fixed locations; random storage, in which products are allocated to various locations according to the available storage space; and class-based storage, in which products are allocated to specific zones or areas in the warehouse. In addition to these classic storage strategies, the warehouse or DC design can help to increase the efficiency of the picking process by using a reserve area for bulk stock and a fast pick area for order picking. The size of the fast pick area is an important consideration since the smaller the area, the lower the picker's average travel time. However, as the fast pick area shrinks, so does the space is available for the SKUs. Thus, it is a question of trade-offs to determine the best possible size. Van den Berg et al. (1998) and Bartholdi & Hackman (2007) have addressed the problem of which SKUs should be placed in the fast pick area and in which quantities.
Order picking strategies determine how the ordered SKUs are retrieved from their storage locations. Product-to-picker systems are used in automated warehousing systems, such as automated storage/retrieval systems (AS/RS) and carousels (see Van den Berg et al. 1999) . Manual warehousing systems use picker-to-product systems, in which the order picker visits the slot where the SKU is stocked. There are four basic procedures for picking orders manually: discrete, zone, batch and wave. In discrete picking, one person picks one order, one line at a time. This strategy is often preferred because it is easily implemented and maintains the integrity of the order. In zone picking, the warehouse is divided into distinct zones, with one picker assigned to each zone. This means that the items in an order are divided into several picking lists. In batch picking, one person may pick many orders at the same time, with the order picker either sorting the orders while moving through the warehouse (sort-while-pick) or retrieving all items together and sorting them afterwards (pick-and-sort). In wave picking, orders are picked to satisfy the required shipping schedule. All other picking practices are usually a combination of these basic procedures. For a more detailed description of these basic procedures, please consult Tompkins et al. (1996) , Smith (1998), and Petersen (2000) . One picking system, called pick-tobelt, effectively combines the manual and automatic systems, with the order picker depositing the picked items directly on a conveyor to be transported to a specific destination point.
Routing strategies determine the sequence in which the SKUs on a given picking list are collected, the objective being to minimize the distance travelled by the picker. For a general warehouse configuration, this problem corresponds to the classic Traveling picker routing on warehouse efficiency (De Koster and Van der Poort 1998 , Petersen and Aase, 2004 , Petersen 1997 , 1999 , 2000 , Petersen and Schmenner, 1999 . Accordingly to the terminology defined above, the problem addressed in this paper corresponds to a pick-to-belt system with a discrete picking of the orders. Products are assigned to slots around the conveyor belt, according to a dedicated storage policy. The problem is dynamic since it seeks to optimize system performance over a certain time horizon, organizing the replenishment of the SKUs in the fast pick area in order to minimize the number of stockouts. To the best of our knowledge, this kind of problem has never been addressed in the literature before. The next section provides a detailed presentation of the order picking system of our industrial partner.
Order picking system
Our industrial partner's order picking system comprises three different elements: the orders themselves, the conveyor belt that moves the picked orders, and the stock replenishment activities. In addition to describing these elements, this section provides statistical data about the elements; these data were taken from previous measurement and time studies about the warehouse operations, done in collaboration with our industrial partner.
In the industrial partner's distribution center, picking activities are linked to the shipping schedule. Each individual order comes from a specific customer and is composed of a given number of lines -generally around a hundred. Each line corresponds to a request for a given quantity of a specific SKU. In general, each truck in the shipping fleet is loaded with 4 to 8 orders, the average load containing 6.58 orders. Since an average order includes 239 cases, the average truck load is 1 572 cases, with an estimated 2.44 trucks being loaded during a shift.
Based on a dedicated storage policy, products are assigned to slots in a mezzanine shelving system situated on both sides of a conveyor belt. There are 1 012 slots available for the 253 SKUs. Under the current space allocation rule, each product receives exactly four slots. For each order, the picker walks along the shelves, gathers the required cases of the products from the various slots, and puts them on the conveyor belt, which automatically moves them to the right truck in the shipping area. The total handling time for one case, t c , is estimated at 4 seconds: 2 seconds for handling the specific case and another 2 seconds for other associated activities, such as unwrapping new pallets, moving empty pallets, and validating the orders. Since the picking list is printed out at the beginning of the conveyor belt, the picker must almost always walk through the entire shelving system to complete each order, which makes decisions about routing and product positioning irrelevant. Strictly for practical proposes, all products with a given SKU are positioned in contiguous slots.
The walking time, t w , to complete the circuit is 388 seconds per order.
In the current system, individual cases are not scanned, and the products in an order must be picked as they appear on the picking list that will be given to the client. This constraint simplifies truck loading at the distribution center and unloading at customer sites. The downside of this constraint is that if a product is "out of stock" in the picking area, picking activities must stop until the product is replenished by the replenishment technician (RT). Clearly, such disruptions must be minimized because they waste the pickers' time, reduce the system throughput, and increase the freight terminal costs since trucks must wait longer to be loaded. Typically, this system operates in three shifts, 24 hours a day, 5 days a week. In general, no order picking is done on weekends unless overtime hours are required due to a surplus workload or too many system breakdowns. Only the RT works a regular shift on Saturdays in order to completely replenish the stock in the fast pick area. For a given shift, a picker is paid for 8h05 (485 minutes), with the extra 5 minutes being given to insure the smooth change over from one shift to the next. Of the 485 minutes, 84 minutes must be deducted-60 minutes for two coffee breaks and a lunch break and the 24 minutes needed to walk from the conveyor to the break area (a round trip takes 4 minutes multiplied by 3 break periods per shift). Another 21 minutes are dedicated to opening and closing shift operations, which leaves only 380 minutes per shift for real picking work. Thus, a total of 95 operational hours are worked per week.
The replenishment of the fast pick area is performed by a single technician (RT). The RT's mission is to avoid product stockouts in the fast pick area. To this end, the RT brings new pallets of products by forklift to the empty slots along the belt. The average time needed to perform a replenishment cycle, t r , is 240 seconds. The replenishment cycle includes the total time for traveling to the reserve area in the warehouse (45 seconds on average), selecting the pallet from one of the three levels in the reserve (60 seconds on average), returning to the fast pick area (45 seconds on average), and placing the new pallet in one of the empty slots (90 seconds).
Clearly, the manner in which the RT schedules the replenishments has a direct impact on the probability of product stockouts. The Warehouse Management System (WMS) currently in use at the company does not synchronize the RT's work with product consumption on the belt. Instead, the technician inspects the slots visually and brings a new pallet of the SKU that seems to need replenishing. The RT activity continues 24 hours a day, 5 days a week for a total of 95 work hours per week. However, since the replenishment capacity is a little bit less than the product consumption on the conveyor, the global product inventory level gets lower as the week winds down, which is why an extra RT shift is needed on Saturday to bring all the product inventories back to their maximum levels.
In light of these observations, it appears that order picking efficiency could be improved by determining more carefully how much space should be allocated to each SKU in the fast pick area and which replenishment strategy should be used by the RT to minimize product stockouts on the belt. The next section presents the allocation and replenishment procedures whose efficiency was assessed through simulation.
Space allocation and stock replenishment procedures
This section proposes six procedures for improving warehouse management efficiency: two space allocation heuristics-one with four different ratios-and four replenishment heuristics. These heuristics can all be used without modifying the current warehouse management system.
Space allocation heuristics
In this section, two space allocation heuristics are described. The first one is a list allocation heuristic, with four different criteria or ratios that can be used to sort the list, each producing different results. The second heuristic is an iterative improvement algorithm.
List allocation heuristic
The four criteria, or ratios, used with the list allocation heuristic are described below:
This ratio is based on the product demand frequency. Let f i be the number of times that SKU i is ordered over a given reference time period and a i be the number of slots currently allocated to SKU i.
Thus, the demand frequency ratio of product i is obtained using Please note that ratio f α corresponds to the famous cube-per-order index (Heskett 1963, Malmborg and Bhaskaran 1990) , which minimizes the routing distance when only one product is picked on each route (pallet picking). In our preliminary computations, we found that assigning only one slot to some products leads to too many stockouts. For example, if a SKU has only one pallet and the demand is higher than the number of cases on this pallet, a stockout can't be avoided since the new pallet can only be set in place after the empty one has been removed. For this reason, the minimum number of slots per product was set to 2; our computational results show that this decision always produces better results.
Iterative improvement heuristic (IIH)
The iterative improvement heuristic begins with a given product allocation, { } 3. Iteration : Perform a complete simulation using the new allocation A.
Let t = t +1 and Z be the resulting number of stockouts. If
and t = 0, and then go to step 2 with A. Otherwise, proceed to step 4.
Termination test:
If t < β, go back to step 2 using the current allocation A; otherwise, the search is terminated. The final allocation is A * , and the resulting number of stockouts is Z * .
It is worth mentioning that the reduction in the number of stockouts obtained by this iterative improvement heuristic is not monotonic, since the algorithm always works with the current allocation A, which may sometimes produce worse results. In fact, sometimes promising exchanges lead to small increases in the number of stockouts;
however, some of these exchanges are needed to eventually reach a better allocation.
Restricting the search to improving exchanges only tends make the algorithm stop too early.
Replenishment heuristics
The replenishment heuristics are designed to minimize the number of product stockouts. We assumed the availability of a list of the SKUs with at least one empty pallet, since only those SKUs can be considered for replenishment. This list is called the replenishment list. Based on a given selection criterion, the RT must choose the next product to be replenished from the list. Four heuristics that can facilitate this choice are proposed below.
The first replenishment heuristic, RH f , selects the SKU with the highest order frequency f i to be replenished first. The objective of this heuristic is to maintain the inventory level of highly requested SKUs at their maximum levels.
The second replenishment heuristic, RH w , selects the SKU with the highest weekly demand to be replenished first (in this case, q i corresponds to the average weekly demand of product i). The rationale behind this heuristic is that, since all the SKUs are replenished on Saturday, the RT needs to replenish only the quantities required for the week.
The third heuristic, RH p , uses the information from the incoming picking lists. The heuristic starts by looking at the next picking list to be filled by the picker. Each line of this picking list is scanned separately, and when a line corresponds to a SKU on the replenishment list, this SKU is selected. The heuristic will scan as many lines as necessary to find the next SKU that must be replenished. In practice, very few picking lists need to be considered.
The fourth replenishment heuristic, RH s , seeks to identify the next SKU that will experience a stockout. For this reason, this heuristic requires more calculations. It first evaluates the inventory level of each SKU in the replenishment list. Then, by scanning each line of the incoming picking lists, it reduces the inventory of each SKU by the quantity on the order picking list until the inventory level of a SKU becomes smaller than or equal to zero. This SKU is then selected to be replenished next.
All these methods can easily be implemented within the actual warehouse management system, since each fork lift is equipped with a wireless computer terminal as well as a barcode scanning device, making it easy to transmit the replenishment decision to the technician.
Simulation model
Computer simulation has proved to be a very attractive tool for systems design and reengineering, particularly when system inputs are uncontrollable, dynamic, and random or non-deterministic. This is the case for our industrial partner's system (described in section 3), in which product demands are clearly dynamic and unknown.
Section 4 proposed several space allocation and stock replenishment procedures that, based on historical data, produce different system configurations. However, the performance of these configurations in terms of the future, unknown demand can not be stated deterministically, but only estimated based on the statistical results produced through simulation experiments. The next few paragraphs present the simulation model for the studied distribution center.
Any computer-based simulator seeks to truthfully reproduce the behavior of real systems. To achieve this goal, the different system elements (i.e., order arrival, conveyor belt behavior, SKU inventory levels and stock replenishment) must be accurately modeled. With this in mind, the simulator presented here is built around a discrete event simulator engine (DES), using the three-phase approach introduced by Pidd (1995) . Discrete event simulation is used to model a system as it evolves over time, representing system variables as changing instantaneously at separate points in time -the ones at which an event occurs (Law and Kelton 2000). The implementation of this simulation was done using Visual Basic. 
Computational results
This section first presents the data and then provides a detailed analysis of the simulation results, in order to help to understand the changes in system behavior under the different product location and stock replenishment rules.
The data and the system parameters All our simulations and tests are based on real data provided by our industrial partner.
Specifically, we used orders (i.e., products, requested quantities, vehicle assignments and routes) from eight consecutives weeks spanning the months from March to May.
During this period, 372 customers ordered 253 different products, resulting in 2 708 different picking lists, 145 344 lines and a total of 687 554 individual cases. Table 1 provides the figures for the eight weeks that were studied. Since inventory levels are completely restored to their maximums each weekend, each week's simulation is independent from the others. As shown in Table 1 , the demand during this period of the year was fairly stable, so we decided to split our data set into two subsets: the design set and the test set. The design set, which contains the first four weeks of data, was used as "historical data" to design the system (i.e., run the space allocation heuristics and determine the best number of slots for each SKU). The test set, containing the data for weeks five to eight, was used to evaluate the performance of the space allocations through simulation. Each week was considered as an independent instance of the problem, which allowed us to reproduce the real decisional context of a warehouse manager looking at the sales history to decide how many slots to allocate to each SKU for the coming week. The system parameters were set to the values provided by recent measurement and time studies: case handling time, t c = 4 seconds; walking time to complete the conveyor circuit, t w = 388 seconds per order; and replenishment time, t r = 240 seconds. The order pickers were considered to work 95 hours per week. All computations were done on a P4 3.2Ghz, running under Windows XP, with 1GB RAM.
Simulation results
As explained above, the data from weeks 1 to 4 were used as input for the space allocation heuristic H(α ) and IIH in order to allocate space. Each of the five resulting allocations were then combined with each of the replenishment methods (RH f , RH w , RH p and RH s ) and tested using the four remaining instances (i.e., weeks). The space allocation strategy currently used in the distribution center was also included in our simulation. This strategy, hereafter referred as Status Quo, assigns four slots to each SKU. In order to reproduce the RT behavior, a list of empty slots is managed under a first-in first-out policy (FIFO). In the following discussion, the notation [Allocation procedure; Replenishment procedure] refers to each of the possible system configurations. Table 2 provides the following results for each combination: the total number of stockouts for the four instances (total), the average number of stockouts (Average), the minimum and maximum number of stockouts (Min and Max), and the standard deviation of the number of stockouts (Std) over the four instances. 
Conclusion
This article proposes and analyzes different space allocation and stock replenishment procedures for a distribution center using a pick-to-belt system for order fulfillment.
In order to reduce stockouts in the fast pick area, which lead to picker downtime and increased truck loading time and terminal costs, replenishment operations must be carefully managed. In an effort to improve efficiency, we developed a number of allocation and replenishment heuristics. These heuristics were compared with the actual practices of a high-throughput distribution center, handling more than 12 million cases annually. Our experiments conducted with 8 weeks of real-data show that the proposed allocation and replenishment methods could drastically reduce the number of stockouts from 486 to 107. Such an improvement could allow the warehousing department of our industrial partner to attain its annual 2% improvement goal.
